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Quantum devices are systems that can explore quantum phenomena, like entanglement or coherence, for
example, to provide some enhancement performance concerning their classical counterparts. In particular,
quantum batteries are devices that use entanglement as main element in its high performance in the charg-
ing powerful. In this paper, we explore the quantum battery performance and its relationship with the amount
of entanglement that arises during the charging process. By using a general approach to a two and three-cell
battery, our results suggest that entanglement is not the main resource to quantum batteries, where there is a
non-trivial correlation-coherence trade-off as resource for the high efficiency of such quantum devices.
Recently, the idea of quantum batteries (QBs) has been pro-
posed to exploit quantum effects in order to gain the charging
time and charging power compared to their classical counter-
parts. The concept of quantum batteries was first introduced
as two-level systems for energy storage and transmission to
consumer centers [1]. Therefore, the issue of efficient and op-
erational quantum batteries is always an essential subject. In
most scenarios, quantum batteries are considered as N inde-
pendent systems that are charged by a temporary field. How-
ever, so far there have been many efforts to model protocols
to extract more work from a quantum battery, in particular by
employing quantum entanglement [2–5].
As a new approach, the concept of quantum batteries is de-
veloped as many-body systems, where N cells of a QB are
charged locally [6, 7], different than previous processes where
the cells are jointly charged by using global operations. In this
model, the quantum battery is presented as a one-dimensional
Heisenberg spin chain composed of N spins, which provides
the intrinsic interactions between the spins and the possibility
of entanglement. In a spin chain we can consider a coupling
given by the XXZ Heisenberg model, where an anisotropic
parameter ∆ develops a role in the dynamics of such system.
It is known that the XXZ Heisenberg chain has been applied
to quantum batteries [6], but the role of the quantum correla-
tions, e.g. entanglement and coherence, is yet an open ques-
tion. Moreover, since it has been shown that entanglement
is not necessary to optimal work extraction [8], this leads us
to ask whether the quantum supremacy of QB is due to the
entanglement.
To address this question, one needs to consider a suitable
approach where the collective charging process can be done
without entanglement generation. In this paper, we consider a
two-qubit QB (a two-qubit cell), where we display the battery
charge dynamics for both collective and non-collective (paral-
lel) charging processes. Our results suggest that entanglement
is not always the best resource to charge QBs, where in this
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scenario the coherence generation is the quantum resource for
optimal charging of QBs. To end, we investigate the relation
between entanglement and coherence with the performance of
three-qubit QB.
Ergotropy and charging process of quantum batteries. The
work extraction from quantum batteries is well defined by
the ergotropy [9], where we can define the notion of passive
states, which are states where no amount of work can be ex-
tracted from them by unitary transformations. It is important
to highlight the non-uniqueness of the passive states, in gen-
eral [10]. However, for pure states the passive state can be
well defined as the ground state of the system because it is
the lowest energy state of the system [11]. Here, we focus on
processes where the system is thermally isolated, so that no
heat is exchanged at any point during the process. We also
consider cyclic processes, in the sense that the driving Hamil-
tonian is the same at the beginning and at the end of the dy-
namics. Since the system is thermally isolated, the evolution
of state ρ can be described by a unitary operator. Therefore,
the extracted work is given by
Wmax = Tr(ρH0) −max
U∈U
Tr(UρU†H0) , (1)
whereU is the set of all accessible unitary evolution, and the
internal (time-independent) Hamiltonian H0 of the system can
be decomposed as H0 =
∑
i εi|εi〉〈εi|, with εi+1 ≥ εi. It is pos-
sible to show that the work can be extracted from a system if
and only if the system is non-passive, where a passive system
has the form σρ =
∑
i pi|εi〉〈εi|, where pi+1 ≤ pi [9, 12]. That
is, passive states are diagonal in the energy basis and do not
have population inversions. Then, any unitary acting on ρ can
only increase its energy; and hence no work can be extracted
from it. It easily follows that given a pure state the passive
state reads as σ
pure
ρ = ρg = |ε f 〉〈ε f |, with |ε f 〉 being the funda-
mental state of H0 [5, 11]. Therefore, the available energy of
a QB unitarily charged reads
Wmax = Tr(ρH0) − Tr(ρgH0) . (2)
Throughout the analysis presented here, we are dealing
with unitary processes, then the above equation corresponds
to the internal energy variation of the system concerning the
energy scale defined by H.
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Figure 1. Schematic diagram of a two-cell QB, e.g. a two spins
system, being charged through the parallel and collective charging,
respectively. Local fields act on the cells and the cells interact to each
other along a collective charging. In collective charging the system
can evolve through an entangled state (gray balls).
Two-cell quantum batteries. First, we start by introducing
our physical model, as illustrated in Fig. 1, the two-qubit
cell QB consisting of two coupled two-level system. At the
same time, in order to charge the QB we need to consider
that each cell couple individually with local fields. Without
loss of generality [5], we consider the driving Hamiltonian for
our model in the interaction picture as H =Hch + Hint, where
Hch=~Ω
∑2
n=1 σ
x
n, with σ
x
n being the Pauli X-matrix acting on
n-th spin. The second Hamiltonian is the interaction one given
by XXZ Heisenberg Hamiltonian given by
Hint = J~
(
σx1σ
x
2 + σ
y
1
σ
y
2
+ ∆σz
1
σz
2
)
, (3)
where σi (i = x, y, z) are the Pauli matrices, J is the strength
of two-body interaction and ∆ is a dimensionless parameter
associated with the anisotropy of the chain.
The status of the battery charging depends on the system
state concerning the spectrum of the reference Hamiltonian
H0 considered here as H0 = ~ω0
∑2
n=1 σ
z
n, with identical Lar-
mor frequency ω0 for both qubits. Here, as regard |↑〉 and |↓〉
are the ground and excited states of a single spin, respectively,
we define the fully charged state of battery as |full〉= |↑↑〉 with
energy Efull = 2~ω0, and empty one as |emp〉 = |↓↓〉 with low
energy Eemp = −2~ω0. Therefore, the maximum energy that
can be stored in the battery reads Emax=4~ω0.
Now, we investigate the charging process in two different
situations. As sketched in Fig. 1, we can drive the system
with interaction between the cells (collective) and without in-
teraction (parallel), where different results are expected [2–
4]. To study both processes we will start from most general
case where interaction is considered. Since the Hamiltonian
is time-independent, the system dynamics is given by
|ψ(t)〉 =
∑4
n=1
cne
− i
~
En t |En〉 , (4)
where En are the eigenenergies of H associated to the eigen-
state |En〉 and cn are the coefficients of the expansion of the
initial state of the system in the basis {|En〉}. The eigenener-
gies of H are given by E1= J∆~, E2=−J(∆+2)~, E3= (J−β)~,
E4= (J + β)~ with their respective eigenstates
|E1〉 = (|↓↓〉 − |↑↑〉)/
√
2 , |E2〉 = (|↓↑〉 − |↑↓〉)/
√
2 ,
|E3〉 = γ1(|↓↓〉 + |↑↑〉) − γ2(|↓↑〉 + |↑↓〉) ,
|E4〉 = γ2(|↓↓〉 + |↑↑〉) + γ1(|↓↑〉 + |↑↓〉) , (5)
with
γ1 =
2 Ω√
2(α + β)2 + 8 Ω2
, γ2 =
α + β√
2(α + β)2 + 8 Ω2
, (6)
where we defined β=
√
J2(∆ − 1)2 + 4 Ω2 and α= J(∆ − 1).
As a first analysis, let us consider the parallel charging pro-
cess of the battery (J=0), where each cell will independently
evolves driven by the charging field. Therefore, from above
equations we find the instantaneous ergotropy given by
E‖(t) = Emax sin2(Ωt) . (7)
Immediately from this result, we establish the maximum
average power for the parallel charging as P¯‖max = 2EmaxΩ/pi,
where we used that tmin = pi/2Ω is the minimum time interval
to get the maximum charge Emax. For the sake of complete-
ness, from Eq. (7) we find the instantaneous power as
P‖(t) =
dE‖(t)
dt
= P‖max sin(2tΩ) , (8)
with P‖max = EmaxΩ being the maximum instantaneous charg-
ing power. As we shall see, the quantities P‖max and Emax will
be useful to study the role of the quantumness of the battery
for a parallel and collective charging process.
On the other side, the instantaneous ergotropy and charg-
ing power for the collective charging process (J , 0) reads,
respectively, as (See Appendix A)
Ecol(t)
Emax
=
1
2
− γ21 cos[(β + Jα)t] − γ22 cos[(β − Jα)t] , (9)
and
Pcol(t) = 2P‖maxΩ cos(αJt) sin(βt)/β . (10)
As a first remark, we explore now the role of the anisotropy
parameter ∆ in the special limit ∆→ 1, where we have α→ 0
and β→ 2Ω, so the Eqs (9) and (10) give Ecol(t)|∆→1 = E‖(t)
and Pcol(t)|∆→1=P‖(t), recovering then results for the parallel
charging process of a two-cell quantum battery. This quick
remark allows us to conclude that the choice of ∆ is relevant
to the performance of QBs and lead us to ask: What is an
effective collective charging process?
Entanglement, coherence, and charging power. The study
of the quantumness of the two-cell QB will be addressed here
from the amount of entanglement Q and normalized coher-
ence C0 of the system state. Given a pure state written in the
reference basis as |ψ〉=α↑↑ |↑↑〉+α↓↑ |↓↑〉+α↑↓ |↑↓〉+α↓↓ |↓↓〉,
we consider the entanglement given by the Wootters’ measure
of entanglement of a pair of qubits as [13]
Q = 2|α↑↑α↓↓ − α↓↑α↑↓ | , (11)
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Figure 2. Time evolution for (2a) ergotropy, (2b) instantaneous charging power, (2c) entanglement and (2d) coherence of the two-cell QB for
different values of the anisotropy parameter ∆. The coupling regime between the qubits is J=Ω.
Figure 3. Graph for the quantities Efin(∆) (in unities of Emax), P¯(∆)
(as multiple of P‖max), Q¯(∆), and C¯(∆) as function of ∆. The coupling
regime between the qubits is J=Ω.
and coherence is defined in the battery empty and charged ba-
sis and defined as
C0(t) = (1/Cmax)
∑
i, j,i
|ρi j(t)| , (12)
with the quantity Cmax the maximum coherence of the system.
For example, for a two-qubit state one reads Cmax = 3, which
corresponds to the case |ψCmax〉 = (1/2)(|↑〉 + |↓〉)(|↑〉 + |↓〉).
We define the above quantity by normalizing the definition of
the l1 norm of coherence [14], so that 0≤C0 ≤ 1. Then, from
Eqs. (11) and (12) one can study howmuch ‘quantum’ the QB
is. In addition, we are interested here in analyzing the role of
entanglement for the charging process of the battery.
As previously discussed, through a parallel charging of the
QB, the maximum charge state is achieved for minimum time
interval tmin, then here we will analyze the charging dynamics
within the interval t∈ [0, tmin]. By considering the a collective
charging process J,0, the Fig. 2 shows the power of the quan-
tum battery for different choices of the anisotropy parameter
∆. We highlight here the case with ∆= 1, in which no entan-
glement is present (as we can see in Fig. 2c) and the charging
power is better than the other cases with ∆ = 0 and ∆ = −1.
However, such zero entanglement production does not mean
the battery is classical. As we can see from Fig. 2d, the max-
imum coherence is obtained in case where ∆ = 1. Different
from others works [15], here we stress that the maximum er-
gotropy is not stored in the system coherence (the full charged
state is |↑↑〉), but coherence works as a resource to speed up
the charging process of the QB.
The role of the parameter ∆ for the charging process can be
better understood by defining average quantities for charge,
power, entanglement, and coherence. We mean, one can de-
fine P¯(∆), Q¯(∆), and C¯(∆) in the interval t∈ [0, tmin], given by
X¯(∆) = (1/tmin)
∫ tmin
0
X(t)dt. It is worth mentioning the physi-
cal meaning of Q¯(∆) and C¯(∆), which can be understood as the
average amount of entanglement and coherence, respectively,
generated in the battery along the charging process. For com-
pleteness, we compute the value for the ergotropy at the end
of the evolution Efin(∆)=E(t= tmin), for different values of ∆.
From these set of quantities, one can characterize the role of
quantumness in the QB. In Fig. 3 we present the results for
each quantify Efin(∆), P¯(∆), Q¯(∆), and C¯(∆) as function of ∆.
By remarking that the collective charging for the case where
∆= 1 is identical to the parallel charging process, Fig. 3 sug-
gests that entanglement-like quantum correlations in the QB
are not beneficial for the performance of the QB considered
in our study. It is indeed possible to see the difference of QB
performance becomes enhanced for the situation in which the
amount of entanglement generated along the entire evolution
is vanishing. The quantum characteristic of the two-cell QB
considered here is maintained due to the system state coher-
ence, as we can see in Figs. 2 and 3.
Three-cell QB.As an immediate application, let us now dis-
cuss the quantumness of a three-cell QB. It can be done by
adding a new cell to the battery, the new interaction Hamil-
tonian reads H′
int
= J~
∑2
n=1(σ
x
nσ
x
n+1
+ σ
y
nσ
y
n+1
+ ∆σznσ
z
n+1
).
Then, for this case we numerically solve the system dynamics
ρ(t) and compute the quantities E(t) and C0(t) as done previ-
ously, but the quantities P(t) and Q(t) need to be computed in
a different way. Due to the numerical solution, to be practice,
P(t) is computed here from the energy current operator Pˆ as
P(t)=Tr(Pˆρ(t)), where [5]
Pˆ = (1/i~)[H0,H′int]. (13)
As for the correlation Q(t), we cannot use the Eq. (11) to
this case because we have a tripartite system [16–18]. There-
fore, one defines a quantity based on the average purity of each
subsystem as Qav=
∑N
n=1 Qn/N , where Qn=Tr(ρ2n) with ρn be-
ing the reduced matrix density of the n-th cell. We stress here
that the above quantity cannot be taken as a measure of corre-
lations for a general ρ(t), but in case where ρ(t) is a pure state,
it can be used as a measure of non-separability (correlations)
of the system state. In fact, for a separable state of N qubits
Tr(ρ2n) = 1, for all N, then we get Qav = 1 for a fully uncorre-
lated state of N qubits. Otherwise, in case where the system
is correlated (even for nearest-neighbor qubits) we shall find
Tr(ρ2n),1 for some n, revealing then a correlated system.
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Figure 4. Time evolution for (4a) ergotropy, (4b) instantaneous charging power, (4c) average entanglement and (4d) coherence of the three-cell
QB for different values of the anisotropy parameter ∆. The coupling regime between the qubits is J = Ω, and for the three-cell QB we find
Emax=6~ω and P‖max=EmaxΩ.
The Fig. 4 shows the relevant quantities for the three-cell
quantum battery. From Figs. (4a) and (4c) it is possible to
see that an entanglement charging process implies into a non
optimal charging process, since the case without correlation
achieves maximum charge at t= tmin. Furthermore, we remark
that this case corresponds to the situation where maximum co-
herence is created in the system during its evolution. Through
a detailed analysis of the Fig. 4, it is not evident that we have
a trivial trade-off between correlations and power, but if we
take the coherence into account to a better understanding of
the system.
Conclusions. In this work, we studied the relation between
entanglement and coherencewith the performance of two- and
three-cell quantum batteries. By using a system of coupled
two-level systems we explore the role of an anisotropy param-
eter of the XXZ Heisenberg linear chain. Through a coun-
terexample, we have shown that the generation of entangle-
ment along the charging process of QBs can negatively con-
tribute to the performance of QBs. Our results suggest that a
non-trivial relation between the amount of entanglement and
high performance QBs is not universal and depends on the
system we are dealing. On the other hand, coherence devel-
ops an relevant role as the resource for efficiency of the system
considered in our study. As a general conclusion, we high-
light a correlation-coherence trade-off in the optimal perfor-
mance of QBs, so that the high charging efficiency of the QBs
adopted here cannot be explained by correlations only.
It is evident we recognize the validity of the large number of
works in the literature showing the role of collective charging
processes for scalable N cell QBs. However, we highlight here
the requirement of a detailed analysis of the real role of quan-
tum correlations in the collective charging of such devices. By
considering the results present in this paper and previous dis-
cussion on the work extraction from the coherence of quantum
states [15, 19], we stress that a possible “quantum supremacy”
of QB needs to be investigated in more detail. In addition,
the definition of a class of different devices and charging pro-
cesses would be a consequence of this study. The extension
of this work to a scenario of N-cell QBs is content for future
research.
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5Appendix A: Analytical solution for the system dynamics
The most general state of two qubits reads as
|Ψ(0)〉 = µ |↑↑〉 + ν |↑↓〉 + η |↓↑〉 + δ |↓↓〉 . (A1)
with the help of Eqs. (5) and (6), its time evolution will be
|Ψ(t)〉 = µ(t) |↑↑〉 + ν(t) |↑↓〉 + η(t) |↓↑〉 + δ(t) |↓↓〉 , (A2)
where
µ(t) = − (δ − µ)
2
e−iE1 t + (δ + µ)(γ21e
−iE3 t + γ22e
−iE4 t)
+ γ1γ2(ν + η)(e
−iE4t − e−iE3 t),
ν(t) = − (η − ν)
2
e−iE2 t + (η + ν)(γ22e
−iE3 t + γ21e
−iE4 t)
+ γ1γ2(δ + µ)(e
−iE4 t − e−iE3 t),
δ(t) = (δ − µ)e−iE1 t + µ(t),
η(t) = (η − ν)e−iE2 t + ν(t). (A3)
At this point, let’s consider the most general state of two non-
entangled qubits by
µ = sin[θ1] sin[θ2]e
i(ϕ1+ϕ2),
ν = sin[θ1] cos[θ2]e
iϕ1 ,
η = cos[θ1] sin[θ2]e
iϕ2 ,
δ = cos[θ1] cos[θ2], (A4)
where we can consider θ1, θ2 ∈ [0, pi] and ϕ1, ϕ2 ∈ [0, 2pi].
Also, we find the energy tr(ρ(t)H0)
U(t) = −2ω0[Γ1(γ21 cos[(E3 − E1)t] + γ22 cos[(E4 − E1)t])
+ Γ2(γ
2
1 sin[(E3 − E1)t] + γ22 sin[(E4 − E1)t])
+ Γ3(sin[(E4 − E1)t] − sin[(E3 − E1)t])])
+ Γ4(cos[(E4 − E1)t] − cos[(E3 − E1)t]), (A5)
with
Γ1 = 2(cos
2[θ1] cos
2[θ2] − sin2[θ1] sin2[θ2]),
Γ2 = (sin[2θ1] sin[2θ2] sin[ϕ1 + ϕ2]),
Γ3 = (sin[2θ1] sin[ϕ1] + sin[2θ2] sin[ϕ2]),
Γ4 = γ1γ2[(sin[2θ1] cos[2θ2] cos[ϕ1]
+ sin[2θ2] cos[2θ1] cos[ϕ2])]. (A6)
In addition, we define the instantaneous charge (ergotropy) as
E(t) = U(t) − Eemp, (A7)
and the instantaneous power
P(t) = d
dt
E(t). (A8)
At the beginning of the charging process, the battery is as-
sumed to be empty, i.e., ρ(0) = |emp〉〈emp|, this is achieved
when we have θ1 = θ2 = 0 in Eq. (A4), which leads to Γ1 = 2
and Γ2 = Γ3 = Γ4 = 0 in Eq. (A6). Therefor we have
E(t) = −4ω0(γ21 cos[(E3 − E1)t] + γ22 cos[(E4 − E1)t] −
1
2
),
(A9)
and
P(t) = 4ω0(γ21(E3 − E1) sin[(E3 − E1)t]
+ γ22(E4 − E1) sin[(E4 − E1)t]). (A10)
